ABSTRACT: When glyphosate is added to the soil, it is absorbed by roots and transported by xylem causing growth inhibition in 
INTRODUCTION
profile contributes to the accumulation of herbicides in soil. The GL adsorption to soil matrix increases its persistence; it becomes less bio-available, and its biodegradation is retarded (Sorensen et al. 2006) . A part of the adsorbed herbicide can be desorbed in the soil, whereas the other part remains strong bound and, consequently, low-available biologically. In such form, the GL can be preserved in soil for at least 2 years. Once bound to soil, particles of GL are metabolized by microorganisms to aminomethylphosphonic acid and eventually degraded to produce the phosphoric acid, ammonia, and carbon dioxide. GL adsorption in soils seems to be mediated by ligand exchange via the phosphonate group of the molecule, in a way similar to the adsorption of phosphate (Hance 1976 , Dion et al. 2001 , Gimsing and Borggaard 2002 . Therefore, it has been frequently demonstrated that phosphate and GL compete for adsorption sites (Borggaard and Gimsing 2008, Clua et al. 2012) . Depending on the soil conditions, phosphate concentration is the most important factor determining the amount of GL adsorbed (Borggaard and Gimsing 2008) , and plays an important role in determining the bioavailability of GL in soils (Laitinen et al. 2007 ). Borggaard (2011) reported that the influence of phosphate on GL fate in soils seems very complex, and despite many useful studies with selected soils/sites and individual soil components, the precise picture is still not clear as indicated by recent overviews on GL (Borggaard and Gimsing 2008) . Sprankle et al. (1975) found that the main factor in determining the amount of GL adsorbed on soil particles is the soil phosphate level.
Herbicide residues in soil can modify the growth and development of plants. Once absorbed by roots, GL is translocated throughout the parts of the plant. Laitinen et al. (2007) demonstrated that in very young plants (herbicide spraying at 6 -8 leaf stage), about 1% of the applied GL was found in 0-10 mm soil layer within 1 hour after the application. In the older plants (application at 12 -14 leaf stage), 8 days after the application, GL was detected both in soil and roots, but soil concentration was lower than that observed in younger plants, authors concluded that the residues found are derived from translocation via shoots to roots and further exudation from roots to soil. These results support the hypothesis that GL translocation from plants to soil constitutes detectable GL residues in soil (Laitinen et al. 2007 , Neumann et al. 2006 . The translocated amounts of GL may vary significantly. Rapid release via roots into the rhizosphere, may result in high concentrations of GL in soil, and can cause negative effects in non-resistant plants (Neumann et al. 2006 , Ronco et al. 2008 .
Arbuscular mycorrhizal (AM) symbiosis is the mutually beneficial association between the roots of most land plants and many soil fungi from the phylum Glomeromycota. This association allows plants to explore larger volumes of soil to absorb more water and nutrients, provides resistance to soil pathogens and to drought stress, and improves water-use efficiency. Also, mycorrhizal symbiosis delays senescence, increases leaf area, modifies root architecture (Beltrano et al. 2003) , and enhances phosphorus P absorption, especially when P-availability is limited.
The rate of absorption of phosphate by growing roots is much higher than the rate of soil phosphate diffusion, which results in the formation of a depletion zone at the root system level and, consequently, limits the supply of P to the plant (Cruz-Hipolito et al. 2009 ). De Jonge et al. (2001 demonstrated that different levels of phosphate in soils affect the GL adsorption. GL adsorption was reduced in soils with higher phosphate content, enhancing GL mobility and crop growth. The plants have evolved elaborating mechanisms to facilitate phosphate uptake, including the formation of symbiotic associations with soil fungi (mycorrhizal), resulting in the acquisition of new sources of soluble phosphate.
Pepper (Capsicum annuum L.) is one of the most common crops grown in temperate latitudes, and one of the most important in the horticultural belt of Argentina (Ronco et al. 2008 ). However, little information is available regarding the effects of GL-P interaction in soil on pepper plant growth. The present study was initiated to test the hypothesis that P fertilization can increase the bioavailability of GL residues in soil, and this would negatively affect the growth of pepper plants and the AM symbiosis. The aim of the present work is to study the effect of P availability and GL residues in soil on pepper plant growth, shikimic acid partition, and physiological parameters, in AM inoculated and non-inoculated plants. The phytotoxic effects were assessed through biochemical and physiological parameters. The potential mobilization of GL by phosphate in soil and its subsequent uptake by pepper plants grown in soil, with or without GL and at two P levels, were evaluated by a bioindicator as shikimic acid (SHA).
MATERIAL AND METHODS
Growth conditions: Seeds of pepper (C. annuum L., 'California Wonder 300') were sown in 0.5 L plastic pots, filled with a mix of the vermiculite, perlite and soil (1:1:1). The soil used was a Vertic Argiudoll (pH 5.5, 10 mg kg -1 total P, 3.5% organic matter, 2.0% total C, 0.24% total N), which was tyndallized at 100°C for 60 min for three alternate days, for eliminating native AM propagules. The experiments were conducted in La Plata (34° SL, 54'WL), Argentina. Pepper plants were grown in a greenhouse between October and December, under natural conditions.
The inoculums (10% of the substrate weight), added to the "inoculated" pots at sowing time, were a mix of soil, spores (50 spores g -1 inoculum), mycorrhizal root fragments, and mycelium of Glomus mosseae (SB1 isolation; GM) and Glomus intraradices (GI) Glomus intraradices (GI) Schenck & Smith (recently reassigned to G. irregulare and then Rhizophagus irregularis (Błaszk, Wubet, Renker & Buscot) C. Walker & A. Schüßler comb. Nov. (Stockinger et al. 2009 ). The same amount of sterilized inoculum was added to non-inoculated pots in order to provide the same soil conditions.
The plants were cultivated, during the experiment, under two levels of P: 10 mg kg -1 soil (-P) (soil content) or 100 mg kg ) was added to the soil as solution, to reach concentrations of 0 (G0); 0.5 (G5: 3.16 μM); and 1.0 (G10: 6.32 μM) of the recommended dose to be applied in the field (equivalent to 4 L commercial product containing 36% a.i. ha Estimation of AM colonization: Fungal colonization was evaluated according to Trouvelot et al. (1986) and expressed as rate of mycorrhization (M%). The M% was calculated as the proportion of infected roots relative to the total number of root fragments. The viability of the hyphae was determined by measuring succinate dehydrogenase (SDH) activity (Schaffer and Peterson 1993) . Roots were stained with acid Fuchsin and 1 mg mL -1 nitro-blue tetrazolium chloride (NTB) solution. Three replicates of 30 randomly chosen root fragments (10 mm long) were mounted on slides and examined microscopically.
Growth parameters: Shoot height was measured daily on ten plants per treatment and the growth was expressed as percentage of increase compared to non-inoculated plants without GL treatments and with -P level. The measuring process started 44 days after sowing (DAS).
Chlorophyll and leaf total proteins content: Chlorophyll contents were determined in one leaf disc (10 mm diameter) per plant, and protein content was estimated in five leaf discs (10 mm diameter) per plant. The content of chlorophyll was measured according to Moran and Porath (1980) . The total proteins extraction was carried out by homogenizing the material in 0.1 M Tris HCL buffer pH 7.5. The proteins were determined by Bradford's method (Bradford 1976) , using bovine albumin as standard. Absorption spectra were recorded in a Shimadzu UV-160 spectrophotometer (Kyoto, Japan). Results were expressed as μg chlorophyll or μg protein cm -2 .
Cell membrane stability (CMS): CMS in leaves and roots was determined in 500 mg of leaves or roots per treatment, according to Sullivan and Ross (1979) . The conductivity was determined using a Conductivity meter (DIGICOND IV, Luftman Co., Argentina). CMS was determined according to the following equation:
where T and C refer to conductivity of treated and control sampled. T1 and C1 represent the electrolyte leakage (dS m -1 ) after incubating the sample in de-ionized water at 25°C for 4 h. T2 and C2 represent the total electrolyte concentration measured after heating the samples in boiling water for 60 min and cooled at room temperature. T1 and T2 correspond to the first and second solution conductivity determinations of treated samples, and C1 and C2 are the respective values for the controls.
Quantification of shikimic acid (SHA):
SHA quantification was determined in 200 mg of upper leaves, lower leaves, cotyledons or roots samples per treatment. The samples were immediately treated with HCl 0.25 N and stored at -20°C until SHA determination. The amount of SHA was determined according to Singh and Shaner (1998) . Samples were measured in a spectrophotometer at 380 nm.
Values were compared to a standard curve for SHA. Results were expressed as µL g -1 FW.
Statistical analysis:
The experiment was a 3×3×2 factorial, in completely randomized design, with three mycorrhizal levels (non-inoculated plants (NM); inoculated plants with GM and inoculated plants with GI), three levels of GL: 0 (G0); 0.5 (G5: 3.16 μM); and 1.0 (G10: 6.32 μM)) and two P levels (-P: 10 and +P: 100 mg kg -1 soil), with 10 replicates (one plant/pot) per treatment in a completely randomized design. All data were analyzed using Analysis of Variance (ANOVA). Tukey's test (p<0.05) was used to evaluate the differences between treatments and interaction means, using SigmaStat 3.5 software (Systat Sofware, Inc., San Jose, CA, USA). For statistical analysis, all percentage values were arcsine transformed to improve homogeneity. The number of replicates was: for growth data (n=10), for mycorrhizal observations (n=3 replicates of 30 root fragments).
RESULTS

Mycorrhization:
AM fungal colonization of pepper roots was observed for all inoculated (M) plants, while none of the non-inoculated (NM) plants was colonized by GM or GI. Forty-eight DAS, at low P level and non GL added to soil (MG0-P), the level of root colonization and the viability of hyphae, assessed by SDH activity, was high (Table 1) .
Mycorrhizal plants declined with an increase in GL content in the soil. With low P level and 3.16 µM GL in soil (G5), root colonization by GM and GI was reduced by 27% and 7%, respectively, compared to G0 treatment (Table 1) . When GL in soil was 6.32 µM (G10), the colonization reduction was by 68% for GM and by 48% for GI. At high P and high GL levels, the root colonization by GM and GI was reduced by 68% and 52% respectively, compared to G0+P treatment. The viability of hyphae, assessed by SDH activity at low GL concentration, was only affected in GM, regardless of phosphorus treatments, and decreased significantly (more than 50%) with high GL (G10) concentration, regardless of P and mycorrhizal fungi (Table 1) . 
Growth:
The effects of GL on inoculated or non-inoculated pepper plants were assessed by shoot growth, electrolyte leakage, shikimic acid content, and chlorophyll and protein contents. Six and twelve hours after GL treatments (HAT). the growth of shoots and biochemical parameters did not show significant differences in spite of mycorrhizal, GL, or P treatments (data not shown). The effects of herbicide on the biochemical parameters (shikimic acid) and on the shoot growth began 24 HAT. All growth results were compared with the control treatment (NMG0-P); in GL treatment and high P level (+P), the results also were compared with NMG0+P. During the assessed period (24, 48, 72 and 96 HAT), the plants that grew without GL and inoculated with GM or GI showed higher growth compared to the non-inoculated plants, regardless of the P level (Figure 1 ).
Twenty-four HAT, the shoot growth was higher in the GL untreated plants (G0) and declined with increasing GL rate, regardless of inoculation treatment. At G5 treatment and low P level (G5-P), shoot growth was significantly reduced both in non-inoculated and inoculated plants, compared with NMG0-P. While, G5+P treatment showed a reduction of 3% for GM, and an increment of 4% for GI, compared to NMG0-P, but when compared with NMG0+P the reduction percentage were 38% for NM, and less than 10% for GM and GI. High GL concentration (6.32 μM), affected significantly the plant growth. At low P level (G10-P), growth reduction was higher than 50% for GM and GI mycorrhizal treatments and approximately 70% for NM, compared with NMG0-P. At high P level (G10+P), shoot growth was significantly reduced in NM whereas, in mycorrhizal plants was nearly 17%, regardless the inoculum incorporated, respect to NMG0-P (Figure 1) , and by 54% for NM and 20% for GM and GI, compared with NMG0+P.
At 48 HAT, the growth rate in inoculated plants, at G0 treatment, was lower than that of 24 HAT. At G5, regardless P level, the shoot growth reduction in NM was higher than in inoculated plants, and GI plants showed high reduction percentages than GM (Figure 1 ). At G10-P, the growth reduction was higher than 70% for NM and more than 50% for inoculated plants, respect to NMG0-P and, as in G5 treatment, GI plants had higher percentage than GM. At G10+P the reduction was similar to G10-P, respect to NMG0-P. Similar results were found when compared to NMG0+P.
At 72 HAT, the GL-treated plants showed significantly lower growth than non-treated ones, and inoculated plants showed higher growth than non-inoculated ones (Figure 1) . At G5 there were no significant difference between -P and +P treatments, the growth reduction was approximately 60% for non-inoculated plants, and by 43-50% for inoculated plants, respect to NMG0-P whereas, when the growth was compared with NMG0+P, this reduction was higher. The higher GL concentration significantly reduced the growth respect to NMG0-P. At -P level, in non-inoculated plants the reduction was higher than 75%, whereas, in inoculated plants the percentages were about 60% for GM and GI. In G10+P treatments the percentages were higher than -P (Figure 1 ). The reduction was by 88%, 68%, and 77% for NM, GM, and GI, respectively when compared with NMG0+P.
At 96 HAT, the growth was completely inhibited in all GL treatments, regardless of P level and mycorrhizal treatments (Figure 1 ).
Shikimic acid:
At sixth and twelfth HAT, the SHA content was lower than the basal level (<100 μL g -1 FW) and did not show significant differences regardless of mycorrhiza, GL, and P treatments (data not shown). The effects of herbicide on SHA content began 24 HAT.
The SHA content was lower than the basal level in all untreated plant fraction at 24, 48 and 72 HATs, regardless of mycorrhizal and P treatments, either in upper and lower leaves, or cotyledons and roots (Figures 2-5) . The non-inoculated or inoculated pepper plants exhibited significant differences in herbicide absorption and translocation, assessed by SHA content.
At 24 HAT, in GL treatments, the upper leaves showed a difference in SHA content between NM and mycorrhizal plants (Figure 2 ). At G5, the inoculated plants had a delayed response, and the SHA content was lower than in non-inoculated ones, and at +P level ( Figure 1B) than at -P level (Figure 2A ). At G10, no significant differences were observed between NM and GM, regardless of P treatments, while the SHA content in GI decreased significantly, regardless of P treatment related to NMG0. At 48 HAT and at -P level, the SHA content was significantly higher in G5 than in G10 concentration, regardless of inoculated treatments ( Figure 1A) . At 72 HAT, the SHA accumulated in the upper leaves, treated with the low concentration of herbicide (G5), was significantly higher in NM plants than in inoculated ones, and in GI than in GM (Figure 2A and B), in both P levels. With high concentration of GL, in non-inoculated plants the SHA content was 50% higher at +P level compared to -P level. In inoculated plants, there were no significant differences between +P and -P level. The interactions between MxP, MxG, PxG, and MxPxG were significant at 48 and 72 HAT, in non-mycorrhizal and mycorrhizal plants by GM and GI. In lower leaves, the SHA content was lower than in upper leaves and increased over time. Only at 72 HAT and in G10, and at -P level, the SHA content in mycorrhizal plants showed an increment by 51% in GM and by 28% in GI; and at +P level this increase was 38%, regardless of mycorrhizal fungi treatments ( Figure 3A and B) , except non-inoculated plants.
In the cotyledons fractions, the SHA content was close to basal level (100 μL g -1 FW) regardless, GL inoculation or P treatments (Figure 4) . Meanwhile, in the roots the shikimic acid content was lower than the basal level irrespective of treatments ( Figure 5 ). 
plants, non-inoculated (NM) or inoculated with Glomus mosseae(GM)orGlomus intraradices(GI).(A)-P:10mg
Pkg Chlorophyll and leaf total protein content: In NM plants, the chlorophyll content decreased significantly in both higher GL concentration and high P level (NMG10+P) ( Table 2 ). In inoculated plants and at low P level, the chlorophyll content was not affected by GL treatments, whereas, at high P level this decreased significantly with the higher GL concentration ( Table 2 ). The protein contents did not show differences in both non-inoculated and inoculated plants, regardless, GL and P availability (Table 2) .
Cell membranes stability (CMS):
The cell membranes stability was affected by GL treatments (Table 2 ). In G0 treatment there was no significant difference in CMS of roots and leaves cell membrane in both inoculated and noninoculated plants, regardless of the P level.
The leaves of CMS of inoculated plants were significantly greater than non-inoculated ones at high P level (+P). In G5 and G10 concentrations, the non-inoculated plants had lower CMS than inoculated ones. With low P availability, there were no significant differences between non-inoculated and inoculated plants ( Table 2) .
The CMS of non-inoculated roots decreased significantly with GL treatments. With +P the CMS decreased by 28% in G5 and 49% in G10. There were no significant differences in electrolyte leakage of the root of inoculated plants at low P level (-P), irrespective of mycorrhizal or GL treatments. With high P availability and at G10 treatment, the root CMS of inoculated plants decreased significantly with respect to MG0, when compared to NMG10 treatment, there was a significant increment in CMS roots, irrespective of mycorrhizal treatment (Table 2) .
Theoretical and Experimental Plant Physiology, 25(2): 125-136, 2013 Mean values followed by the same lower-case letter within each column are not significantly different (p>0.05). ** -P: 10 mg P kg -1 soil; +P: 100 mg P kg -1 soil. # G0:withoutglyphosate;G5,3.16μMglyphosate;G10,6.32μMglyphosate,(n=10).
G0 G5 G10 G0 G5 G10 G0 G5 G10
24 HAT 48 HAT 72 HAT 
plants, noninoculated (NM) or inoculated with Glomus mosseae(GM)orGlomus intraradices(GI).(A)-P:10mgPkg
-1 soil;(B)+P:100mgPkg -1 soil; G0,withoutglyphosate;G5,3.16μMglyphosate;G10,6.32μMglyphosate.HAT:hoursafterglyphosatetreatments.(n=10).
DISCUSSION
After spraying, GL is strongly adsorbed by soil particles (Mamy and Barriuso 2007) causing a very limited mobility in soils. If added to soil, GL is absorbed by the roots, as in tomato (Cornish 1992) , pepper (Ronco et al. 2008) , or birdsfoot trefoil (Clua et al. 2012) , and is incorporated into the xylem flow to reach the aerial parts of the plant.
Mycorrhizae can connect different plants through external mycelia, making it possible for plants, treated with the herbicide to affect both the treated and non-treated plants (neighbouring).
The information regarding the effect of GL on mycorrhization remains limited and contradictory. The EPSPS synthase is found not only in plants but also in bacteria and fungi (Padgette et al. 1995) . Therefore, the inhibition of this enzyme may explain, at least partially, the decreased AM spore viability when exposed to GL (Druille et al. 2013) . In the present study, our results show that pepper grown without GL behaved as a mycotrophic species; with a high level of colonization, in agreement with Ronco et al. (2008) and that the hyphae had a high percentage of viability, regardless of mycorrhizal fungi. When P was added to substrate, these percentages were reduced significantly and the presence of GL, decreased mycorrhization and hyphae viability, as pointed out by Grant et al. (2005) . Our results did not agree with those of Malty et al. (2006) , who reported that soybean root colonization increased with GL applications or with studies that have found no effect of GL on mycorrhizae (Savin et al. 2009 ).
In our study, non-inoculated and inoculated plants were both affected by the herbicide incorporated to the substrate, reducing all the parameters measured, except total leaf protein content. The mechanism by which GL reduces the growth of plants is still unclear and does not seem to be the same in all cases. In our experiments, the inoculated pepper plants that were grown without GL and 100 mg P kg -1 substrate, showed higher growth than non-inoculated plants. Shaner (2000) and Henry et al. (2007) observed that the growth inhibitor effect of GL was expressed by chlorosis at the growing points and necrosis throughout the plant within 1-2 weeks. Our results showed that at 6-12 hours after GL treatments, the shoot growth did not show any difference between treatments (data not shown). Twenty-four hours after GL treatments, the plants showed significantly lower growth with respect to the non-treated ones and that the values of M plants were higher than that of NM ones, as observed by Ronco et al. (2008) . At 48-72 HAT, these differences increased at 96 HAT and the growth was completely inhibited in all GL treatments, regardless of P and mycorrhizal treatments. These results are consistent with that of Cruz-Hipolito et al. (2009) . High P level affected plant growth only at 72 HAT.
Individual species differ in their response to GL due to differences in interception, retention, penetration, movement and activity of the herbicide. Toxic effects of GL may be attributed to (i) the inability of the organism to synthesize aromatic amino acids; (ii) an energy drain on the organism resulting from adenosine triphosphate and phosphoenolpyruvate (PEP) spent in the accumulation of shikimate, 3-deoxy-D-arabinoheptulose-7-phosphate (DAHP), and hydroxybenzoicacids; and (iii) toxicity of accumulated intermediates of the shikimic acid pathway (Fisher et al. 1986) . When the application of the herbicide is via the leaf, the effect is almost immediate (Shaner 2000 , Henry et al. 2007 ) increasing SHA levels (Duke et al. 2003) , which can be used as a sensitive physiological indicator for GL toxicity (Henry et al. 2007) . Laitinen et al. (2007) have shown that GL adsorption decreases and desorption increases with increasing soil P status. Applications of P-fertilizer showed the significantly impaired seedling growth on soils pre-incubated with GL. This expression of plant damage was associated with increased accumulation of shikimate in tissue.
Our results confirm that the effects of GL are proportional to the substrate capacity of adsorbing inorganic phosphate, as pointed out by Hance (1976) and Glass (1987) . In foliar application, GL has a more rapid effect, increasing SHA levels, which has been related to diminish the photosynthesis (Duke et al. 2003) . In this case, the effects began in SHA content and in growth, 24 hours after GL treatment. We found that, before treatment with GL, the SHA content was detected in trace amounts in the roots, cotyledons and in the upper and lower leaves. These levels of SHA were similar, regardless of the P and mycorrhizal treatments. The shikimate levels in the control plants were negligible, and similar results were obtained by Bott et al. (2011) in different soils.
Shikimic acid increased in all fractions 24 hours after treatment with GL. Two days after treatment, all the plant parts studied had approximately doubled the SHA content, while the roots and cotyledons had the smaller increase. Three days after treatment the higher content of shikimic acid was found in the upper leaves. The variability in SHA accumulation could be due to relative ability of tissue to metabolize and/or translocate SHA. In our experiments, analysis of shikimate accumulation in the root tissue of pepper plants, as physiological indicator for GL toxicity, revealed no effects. Fertilisation in GL-treated substrate did not enhance shikimate accumulation in the root tissue, in agreement with Bott et al. (2011) , or cotyledons or lower leaves of pepper plants. The higher SHA content was determined at 48-72 HAT, in upper leaves, when the plants were treated with 3.16 µM of GL, in agreement with the level observed by Wan Kim and Amrhein (1995) 2-5 days after application of GL to leaves of 6-week-old tomato plants. Our results showed that the shikimate accumulated in the upper leaves of plants treated with 3.16 μM of GL at the end of the experiments (72 HAT) was higher in NM plants with +P compared to inoculated ones, and was lower than at G5, regardless of the P and mycorrhizal treatment, possibly because the roots were severely affected (necrosed) by the high concentration of herbicide, as described by Ronco et al. (2008) .
Our results did not agree with that of Bott et al. (2011) , who observed that there were no phytotoxic effects, in response to GL incorporated in soil without P fertilization. This was perhaps by the inactivation of GL in soils, and by the adsorption at phosphate binding sites (Sprankle et al. 1975) , then the application of P-fertilizer, impaired the growth in plants. Damage symptoms comprised stunted root and shoot growth, leaf deformation, decrease in CMS in roots and leaves and acceleration of leaf senescence, assessed by chlorophyll content. Twenty-four HAT at G5, in inoculated plants, the upper leaves showed a dilate in the response, while there was an increase in SHA content, confirming that the herbicide was absorbed by pepper roots and translocated to the aerial fractions. Regarding the distribution of GL, the highest level of shikimic was accumulated in the more active aerial parts (young upper leaves) which contained 2-3 times more shikimic acid than the other aerial plant fractions (lower leaves, cotyledons, and roots), regardless of the mycorrhizal and P treatments.
Although GL also appears to have detrimental effects on other variables such as chlorophyll content and cell CMS, the information on the effect of GL on the cell membranes is limited (Clua et al. 2012) , and the mechanism is not known. Our results showed that the cell membrane damage by GL was significantly higher in NM plants and at high P level in both leaves and roots. The inoculation decreased the combined effect of GL and high P level, increasing the cell membrane stability.
The membranes damaged by GL in pepper appear similar to other abiotic stress effects (Beltrano et al. 2003) and may constitute another deleterious mechanism of the GL.
Chlorosis is usually one of the first toxicity symptoms after foliar GL applications. Our data showed that chlorophyll content was significantly diminished by high application of GL (G10) and P (+P) to non-inoculated pepper plants , compared with inoculated ones.
In our study, in substrate without P fertilization, the GL incorporated was not associated with any damage of pepper plants (chlorophyll, proteins contents and CMS) (Table 2) , although, the plant damage increased with P fertilisation. The induction of plant damage by P fertilization, on GL-treated substrate, as determined in the present study, indicates that the P induces a competitive desorption from GL by the phosphate in the binding sites. These findings suggest that a significant proportion of GL may be adsorbed by fractions of the soils (Barja and Dos Santos 2005). Bott et al. (2011) determined that in soils without P fertilization, the GL application was not associated with any damage of soybean plants. However, on GL treated soils, the plant damage increased with raising levels of P fertilization.
The results of the present study suggest that remobilization of GL residues in substrate by addition of P fertilizers should be considered as additional potential pathway for GL toxicity, which is strongly influenced by soil characteristics. Soils with low or moderate fixation capacity for GL and phosphate, with low potential for GL degradation, plus frequent applications of GL and P fertilizers are potential soils to increase the risk of crop damage due to GL remobilization. More intense use of GL can be expected in the future, with increased potential risks of detrimental effects to plants. The competitive desorption of the GL with P fertilisers, may be of particular relevance, because both compounds are concentrated in the uppermost soil layers. Management practices, such as phosphate fertilization, generate a remobilization of GL residues in soils (Bott et al. 2011) , and it should be considered as an additional potential pathway for GL toxicity to AM spores (Druille et al. 2013) .
The phenomenon of the GL mobilization by application of P fertilizers is currently investigated, but more field studies are necessary to evaluate potential dangers in agricultural systems. In conclusion, in accordance with Bott et al. (2011) and Clua et al. (2012) , the results of this study suggest that the remobilization of GL residues through the addition of phosphate fertilizers should be considered a serious problem. The inoculated pepper plants tolerate high GL concentrations in the substrate and may allow this stress condition.
